Is it possible to prevent atrophy of key brain regions related to cognitive decline and Alzheimer's disease (AD)? One approach is to modify nongenetic risk factors, for instance by lowering elevated plasma homocysteine using B vitamins. In an initial, randomized controlled study on elderly subjects with increased dementia risk (mild cognitive impairment according to 2004 Petersen criteria), we showed that high-dose B-vitamin treatment (folic acid 0.8 mg, vitamin B6 20 mg, vitamin B12 0.5 mg) slowed shrinkage of the whole brain volume over 2 y. Here, we go further by demonstrating that B-vitamin treatment reduces, by as much as seven fold, the cerebral atrophy in those gray matter (GM) regions specifically vulnerable to the AD process, including the medial temporal lobe. In the placebo group, higher homocysteine levels at baseline are associated with faster GM atrophy, but this deleterious effect is largely prevented by B-vitamin treatment. We additionally show that the beneficial effect of B vitamins is confined to participants with high homocysteine (above the median, 11 μmol/L) and that, in these participants, a causal Bayesian network analysis indicates the following chain of events: B vitamins lower homocysteine, which directly leads to a decrease in GM atrophy, thereby slowing cognitive decline. Our results show that B-vitamin supplementation can slow the atrophy of specific brain regions that are a key component of the AD process and that are associated with cognitive decline. Further B-vitamin supplementation trials focusing on elderly subjets with high homocysteine levels are warranted to see if progression to dementia can be prevented.
Is it possible to prevent atrophy of key brain regions related to cognitive decline and Alzheimer's disease (AD)? One approach is to modify nongenetic risk factors, for instance by lowering elevated plasma homocysteine using B vitamins. In an initial, randomized controlled study on elderly subjects with increased dementia risk (mild cognitive impairment according to 2004 Petersen criteria), we showed that high-dose B-vitamin treatment (folic acid 0.8 mg, vitamin B6 20 mg, vitamin B12 0.5 mg) slowed shrinkage of the whole brain volume over 2 y. Here, we go further by demonstrating that B-vitamin treatment reduces, by as much as seven fold, the cerebral atrophy in those gray matter (GM) regions specifically vulnerable to the AD process, including the medial temporal lobe. In the placebo group, higher homocysteine levels at baseline are associated with faster GM atrophy, but this deleterious effect is largely prevented by B-vitamin treatment. We additionally show that the beneficial effect of B vitamins is confined to participants with high homocysteine (above the median, 11 μmol/L) and that, in these participants, a causal Bayesian network analysis indicates the following chain of events: B vitamins lower homocysteine, which directly leads to a decrease in GM atrophy, thereby slowing cognitive decline. Our results show that B-vitamin supplementation can slow the atrophy of specific brain regions that are a key component of the AD process and that are associated with cognitive decline. Further B-vitamin supplementation trials focusing on elderly subjets with high homocysteine levels are warranted to see if progression to dementia can be prevented. structural neuroimaging | hippocampus | causal modeling | degeneration | clinical trial T he prevention of Alzheimer's disease (AD) is a major public health challenge, but several promising therapies targeting β-amyloid have failed in late-stage clinical trials (1) . An alternative approach is to modify nongenetic risk factors and to treat people at risk of developing dementia before they develop the major symptoms (2, 3) . Many cross-sectional and prospective studies have shown that raised levels of plasma total homocysteine (tHcy) are associated with cognitive impairment, AD, or vascular dementia (4-9), but randomized, controlled trials of tHcy-lowering treatment using B-vitamin supplementation have shown inconsistent results on cognitive function (10, 11) . Factors such as dosage, vitamin combination, duration of treatment and the population treated possibly account for some of the discrepancies (10, 11) . Another factor that may explain the discrepancies in these trials is baseline tHcy concentration: for instance, it has been found that subjects with modestly raised tHcy experience a beneficial effect of B-vitamin treatment on cognitive decline (12, 13) .
For trials with the aim of slowing progression of cognitive decline, the usual design includes neuropsychological assessments. Unfortunately, such testing is subject to short-term fluctuations, practice effects and intra-/interrater variability. In contrast, structural neuroimaging provides a robust way of assessing changes of a longer-term nature, including the impact of the treatment (14-16). Accordingly, we recently showed, in a first study on the same subjects as included here, that B-vitamin treatment slowed the shrinkage of the whole brain over 2 y and that there was an interaction between treatment and tHcy at baseline (17) .
Since the measure of overall brain size used in the initial study was nonspecific, key questions remain to be elucidated: (i) are B vitamins effective in preventing the atrophy of those gray matter (GM) regions specifically affected by the AD neurodegenerative process, (ii) does this effect differ according to baseline tHcy, (iii) does the reduction of atrophy with B vitamins occur in regions linked to cognitive and clinical outcomes, and (iv) can GM atrophy provide a biological intermediary in determining the causal chain of events linking B-vitamin treatment to changes in cognition?
To answer these questions, we used the data from a randomized, controlled trial (VITACOG) assessing the effect of B-vitamin treatment (folic acid 0.8 mg/d, vitamin B12 0.5 mg/d, vitamin B6 20 mg/d) on elderly volunteers with memory complaint who fulfilled the Petersen criteria for mild cognitive impairment (MCI) (18) over a period of 24 mo. MRI scans at baseline and the second time point from 156 subjects, 76 receiving placebo and 80 receiving B vitamins (mean age: 76 and 77 y, respectively; Table 1 ), were suitable for analysis. Local GM volume at baseline and after 24 mo was assessed with the optimized voxel-based morphometry (VBM) protocol using FSL (FMRIB Software Library) (19) (20) (21) . Placebo and B-vitamin groups did not differ in baseline GM volume [minimum familywise error (FWE), P = 0.33; SI Methods].
Results
We first sought to establish whether the two treatment groups lost GM over the 2-y period. Atrophy was found in both placebo and B-vitamin groups in similar areas encompassing medial temporal, lateral temporoparietal, and occipital regions, as well as the anterior and posterior cingulate cortex (Fig. 1) . Direct comparison between groups revealed a significant effect of treatment: subjects receiving B vitamins showed a significant reduction of atrophy This article is a PNAS Direct Submission.
Data deposition: The preprocessed structural imaging scans used in this paper can be found at www.fmrib.ox.ac.uk/analysis/VB/. compared with the placebo group in posterior brain regions including bilateral hippocampus and parahippocampal gyrus, retrosplenial precuneus, lingual and fusiform gyrus, as well as in the cerebellum (Table 2 ). These regions are among those most affected in AD, and also in MCI subjects who later convert to AD (14, 15, (22) (23) (24) . In the regions showing significant treatment effect, the average loss of GM over 2 y was 3.7% (±3.7) in the placebo group compared with only 0.5% (±2.9) in the B-vitamin group ( Fig. 2 and Fig. S1 ).
As previously shown (4, 17, 25-27), higher plasma tHcy levels are related to smaller global brain volume and white matter volume, smaller amygdala and hippocampus, and faster reduction in overall brain size. Participants were divided into two groups according to baseline tHcy: those with measurements below and above the median (11.06 μmol/L). We investigated the interplay between treatment and baseline tHcy. First, we tested the effect of baseline tHcy on atrophy in the placebo and B-vitamin groups separately. Participants with high tHcy in the placebo group had greater GM atrophy compared with those with low tHcy (Fig. S2 ). In contrast, in the subjects receiving B vitamins, there was no difference in atrophy between participants with low and high baseline tHcy, even when looking at the entire distribution of t values over the brain [median t(placebo) = 0.53; median t(B vitamin) = −0.04]. Second, we tested the effect of treatment on atrophy in subjects with high and low tHcy levels separately. No significant effect of Bvitamin treatment was found in the participants with low baseline tHcy (minimum FWE, P = 0.35). However, B-vitamin treatment had a marked beneficial effect in reducing GM atrophy over 2 y in those with high tHcy [from 5.2% (±3.4) down to 0.6% (±2.1); Fig.  3 ]. In the high tHcy group, B vitamins reduced atrophy in similar regions as seen in the total group, and it also extended to anterior regions including the anterior cingulate cortex and piriform cortex, as well as prefrontal areas (Fig. 3, Fig. S3 , and Table 2 ). A formal interaction between treatment status and baseline tHcy also proved significant (Fig. S4) .
To establish which regions of the brain were associated with cognitive decline, we performed voxelwise linear regression analyses between change in GM volume and change in neuropsychological scores over time on all 156 participants. More precisely, we explored the relationship between GM loss and decline in measures of global function (CDR-SOB and MMSE), decline in episodic memory (HVLT-R), and decline in semantic memory (category fluency). Regression analyses revealed significant association of GM loss with worsening of CDR-SOB and MMSE scores, which was most pronounced bilaterally in the amygdalohippocampal complex and entorhinal cortex. At an uncorrected threshold (voxelwise P < 0.01), decreases in HVLT-R delayed recall and category fluency were associated with increased GM loss in the left hippocampus and entorhinal cortex (Fig. S5) . These GM regions involved in cognitive decline also showed a reduction of atrophy with B-vitamin treatment in subjects with high tHcy levels (Fig. S6) .
We finally sought to determine the role of tHcy and brain atrophy in mediating the influence of B-vitamin treatment on cognitive changes in participants with higher tHcy levels, as those were the only subjects to benefit from the treatment. We modeled treatment and change in plasma concentrations of tHcy and relevant B vitamins, imaging, and neuropsychological measures over the 2-y period as a directed acyclic graph. We found that the optimal Bayesian network explaining our data suggested the following chain of events: treatment led to a change in vitamin B12 and folate plasma concentrations, with only vitamin B12 appearing to play a role in modifying tHcy levels; changes in tHcy levels caused a change in GM atrophy, which, in turn, led to a modification of the CDR-SOB (Fig. 4) .
Discussion
Here, in an unbiased, voxel-based analysis, we have demonstrated that B-vitamin treatment, by lowering mean plasma tHcy levels (by 29%; SI Methods), markedly reduces GM atrophy in regions particularly susceptible to AD. The loss of total GM volume over the 2-y period (2.0% in the placebo group, 1.4% in the B-vitamin group; SI Methods) was comparable to yearly measures of the overall brain atrophy rate obtained in our previous study (1.08% and 0.76%, respectively) (17) . The regions significantly benefiting from the treatment thus show less atrophy relative to the total GM volume loss in the B-vitamin group (0.5% vs. 1.4%), whereas the same regions in the placebo group show an accelerated atrophy compared with the whole GM (3.7% vs. 2.0%), suggesting this set of regions is highly vulnerable to the possible underlying pathological process. Some of the GM regions that benefit the most from the B-vitamin treatment (hippocampus, parahippocampal gyrus, inferior parietal lobule and retrosplenial cortex) are all part of a "parietomedial temporal pathway" involved in visuospatial learning and spatial long-term memory (28) . Notably, these regions, together with the fusiform and inferior temporal gyrus, which overall show the most significant reduction of atrophy by B vitamins in participants with high tHcy levels, are also among the best to discriminate between healthy aging and MCI, and all show the greatest atrophy rate in the progression from MCI to AD (23, 29, 30) . We also found some significant differences within the cerebellum. This result might seem surprising at first, but there is now clear anatomical and functional evidence for the role of the cerebellum in cognitive and behavioral functions, and particularly for autobiographical memory and working memory (31, 32). Accordingly, our strongest results in the cerebellum are localized to regions that are known to be connected to the medial temporal lobe and prefrontal cortex (31, 33) . As part of the default mode network and of the network defined by an encoding memory paradigm, these cerebellar regions have also been shown to be altered in healthy subjects with an increased risk for dementia (34) .
When splitting the groups according to the overall baseline tHcy median value, we further showed that the treatment was significantly beneficial only to participants with higher levels of tHcy, in line with the cognitive outcomes shown in this population (13) . In these participants with high tHcy levels, there was again a clear difference in loss of GM between regions significantly benefiting from vitamin B and the entire GM: less atrophy in the B-vitamin group (0.6% vs. 1.6%), accelerated atrophy in the placebo group (5.2% vs. 2.7%). In the B-vitamin group, we found no GM atrophy difference between those with Common local peaks (unless specified otherwise) of the significant clusters (P < 0.05 FWE-corrected) showing reduced GM atrophy in the B-vitamin group in contrast with the placebo group for all MCI 156 subjects (Fig. 2 ) and for subjects with high tHcy level (Fig. 3) . Local maximum t values correspond to Fig. 3 . BA, Brodmann area.
low and high baseline tHcy, suggesting that taking B vitamins mimics the protective effect over time of having lower baseline tHcy. While vitamin B12 deficiency may lead to neurological and neuropsychiatric disorders, no participant had vitamin B12 deficiency at baseline in this study (<150 pmol/L). Our network analysis also suggests that changes in GM atrophy, while significantly related to a change in vitamin B12 levels, appear to be mediated via lowering of tHcy levels. The apparent lack of influence of changes in folate levels may be because, in populations Fig. 2 . B-vitamin treatment significantly reduces regional loss of GM (P < 0.05 FWE-corrected). (A) Brain regions in blue demonstrate where B-vitamin treatment significantly reduces GM loss over the 2-y period (x = 26 and −8, y = −34 and −52, z = 0 and −16). All blue areas correspond to regions of significant loss in placebo and known to be vulnerable in AD (Fig. 1). (B) Percentage of GM loss for the 156 participants over the 2-y period, averaged across those brain regions that showed significant effect of B vitamins: placebo group (red triangles) had an average loss of 3.7% (±3.7), whereas the B-vitamin group (green circles) showed a loss of 0.5% (±2.9). with good folate status as here (mean: 29 nmol/L), the main determinant of tHcy levels is vitamin B12 status (35) .
A plausible hypothesis to explain why lowering tHcy might decrease the rate of atrophy of the specific brain regions involved in AD is that the atrophy of such regions is related to the presence of neurofibrillary tangles (36) . The deposition of neurofibrillary tangles is caused by the formation of phosphorylated τ, and raised tHcy concentrations lead to an increase in phosphorylated τ (37, 38) . Thus, lowering tHcy may decrease levels of phosphorylated τ and thereby reduce the degree of regional GM atrophy. Another possible explanation might stem from the converging evidence of an impaired neuroregeneration seen in AD (39, 40) . In the adult, neurogenesis occurs in the hippocampus and olfactory bulb, whereas evidence for it taking place in regions such as the prefrontal, posterior parietal, and inferior temporal cortex, as well as piriform cortex and amygdala, remain controversial (41) . Epigenetic mechanisms, involving DNA and histone methylation, are important for neurogenesis (42) . Raised tHcy is an inhibitor of methylation reactions and can inhibit the proliferation of neuronal cell precursors (43, 44) . As one of the main brain functions of vitamin B12 is in methylation (43) and as B12 deficiency can also impair neuronal cell proliferation (45) , it is thus conceivable that vitamin B12 helps to maintain adult neurogenesis in the very regions targeted by AD.
By using measures of GM structure to robustly assess the effect of B-vitamin supplementation and by characterizing the relationship between atrophy in specific GM regions and cognitive decline, we have been able to demonstrate the benefit of this treatment in those elderly subjects with high levels of tHcy. Highdose B-vitamin treatment could modify a key component of the disease process leading to AD: the atrophy of GM regions involved in the cognitive decline of the study participants. Importantly, we also show that B-vitamin treatment is of no benefit for those participants with low levels of tHcy. While our voxelwise, whole GM analysis was used to map the possible effect of treatment in an unbiased manner, it is also a limitation of this study in the context of a randomized controlled trial. First, such a voxelwise approach, as it encompasses data from ∼200,000 voxels, is potentially more susceptible to Type I error compared with a region-of-interest approach, which is the method usually favored for clinical trials. Another limitation is that the results described here are parts of the secondary outcomes of the clinical trial as defined in our prespecified plan of data analysis (more specifically, of a regional brain volume changes analysis), while the primary endpoint of this trial was the impact of B vitamins on overall brain atrophy (17) . We note, however, that the statistical analyses carried out in this study and presented in Figs. 1-3 were all determined a priori and were performed blind to the treatment group. Baseline comparisons, effect of ApoE e4 on GM atrophy and causal Bayesian network analysis (Fig. 4) were carried out a posteriori. Finally, while our voxel-based analyses must be strictly regarded as post hoc in the context of the clinical trial, they were fully corrected for multiple comparisons with stringent control of Type I error (i.e. with the Family Wise Error rate, instead of, e.g., False Discovery Rate) using nonparametric resampling-based inference that makes only weak assumptions on the data; thus, they comply with best practice for confirmatory inference in neuroimaging (46) . MCI is common among elderly populations, with approximately 16% of those older than 70 y of age showing this syndrome (47) . In population studies, it has been found that plasma tHcy concentrations increase with age. The proportion with concentrations >13 μmol/L, even in countries with mandatory folic acid fortification, ranges from 9% to 14% of those older than 60 y (48). Thus, a significant proportion of elderly subjects may be at risk for dementia as a result of elevated tHcy (a PopulationAttributable Risk of 16% has, for instance, been estimated in the Framingham Study) (6) . Larger and longer trials will be needed (i) to determine the optimal tHcy threshold warranting B-vitamin supplementation and (ii) to monitor the treatment effect on the crucial outcome, the incidence of dementia.
Methods
This study was approved by the Oxfordshire National Health Service research ethics committee A on January 6, 2006 (Central Office for Research Ethics Committees, COREC 04/Q1604/100). 156 volunteers who fulfilled the Petersen criteria (18) for MCI underwent the same longitudinal imaging protocol with structural, high-resolution T1-weighted images acquired at baseline and after 2 y on a 1.5T Sonata MRI system (1-mm 3 isotropic resolution; Siemens Medical Systems). An optimized FSL-VBM analysis was Fig. 4 . Directed acyclic graph analysis of treatment and changes ("delta") in B vitamins, tHcy, GM volume, and cognitive performance over the 2-y period. Of all possible edges (gray, A), we found that the optimal Bayesian network explaining our data (with a very good model fit, χ 2 P = 0.64; SI Methods) identified nine statistical dependencies between variables (A, blue) and causality for each of these edges as presented in B (rearranged for clarity of display): treatment increases B vitamins' "delta" concentration, with B12 lowering tHcy "delta" concentration, which in turn slows grey matter atrophy ("gm"), which then delays cognitive decline over time ("sob" for CDR-SOB, "hvlt" for HVLT-R delayed recall, "flue" for category fluency).
carried out (fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM) (20, 21) , with all images from both time points processed following the same protocol to avoid the known bias of using one of the two time points as reference. To achieve accurate inference, including FWE correction for multiple comparisons across space, we used permutation-based nonparametric inference within the framework of the general linear model (5,000 permutations) (49) . We tested for GM changes between baseline and follow-up scan in placebo and B-vitamin groups, and for differences in GM changes between the two populations. The B-vitamin and placebo groups were further divided according to their tHcy levels at baseline (≤11.06 μmol/L or >11.06 μmol/L, the median value). Results were considered significant at P < 0.05, FWE-corrected for multiple comparisons across space using Threshold-Free Cluster Enhancement (50) . All other statistical tests were carried out in R. Network analysis (51) was performed using Tetrad (www.phil.cmu.edu/projects/tetrad/). Goodness of fit was determined with a χ 2 test. Using a subsampling procedure, we further verified the stability of the optimized network. 
